Nitroxyl (HNO) positively modulates myocardial function by accelerating Ca 2+ reuptake into the sarcoplasmic reticulum (SR). HNO-induced enhancement of myocardial Ca 2+ cycling and function is due to the modification of cysteines in the transmembrane domain of phospholamban (PLN), which results in activation of SR Ca 2+ -ATPase (SERCA2a) by functionally uncoupling PLN from SERCA2a. However, which cysteines are modified by HNO, and whether HNO induces reversible disulfides or single cysteine sulfinamides (RS(O)NH 2 ) that are less easily reversed by reductants, remain to be determined. Using an 15 N-edited NMR method for sulfinamide detection, we first demonstrate that Cys46 and Cys41 are the main targets of HNO reactivity with PLN. Supporting this conclusion, mutation of PLN cysteines 46 and 41 to alanine reduces the HNOinduced enhancement of SERCA2a activity. Treatment of WT-PLN with HNO leads to sulfinamide formation when the HNO donor is in excess, whereas disulfide formation is expected to dominate when the HNO/thiol stoichiometry approaches a 1:1 ratio that is more similar to that anticipated in vivo under normal, physiological conditions. Thus, 15 N-edited NMR spectroscopy detects redox changes on thiols that are unique to HNO, greatly advancing the ability to detect HNO footprints in biological systems, while further differentiating HNO-induced post-translational modifications from those imparted by other reactive nitrogen or oxygen species. The present study confirms the potential of HNO as a signaling molecule in the cardiovascular system.
Introduction
Physiological levels of reactive oxygen and nitrogen species (ROS/RNS) participate in cellular signaling events by inducing chemical modifications of proteins that are discrete, sitespecific, and reversible (Bachi et al., 2013) . These target proteins, containing mostly very reactive thiols (i.e., cysteines), are transiently oxidized by ROS/RNS to enable transmission of the signal and then enzymatically reduced to their basal oxidation state by the glutathione and thioredoxin systems. Increasingly, this "redox regulation" is emerging as an important means by which ROS/RNS modulate basal myocardial function. Yet the identification within the myocardium of specific thiol residues whose selective and reversible chemical modifications by ROS/ RNS contribute to enhance myocardial mechanical performance remains far from being complete (Tocchetti et al., 2011; Gao et al., 2012) . This knowledge gap stems in part from the still limited number of methodologies available to identify these residues and their modifications.
Nitroxyl (azanone, HNO) is the one-electron reduced sibling of nitric oxide (NO·; Feelisch, 2003; Kemp-Harper, 2011) . HNO donors enhance cardiac contractility and accelerate relaxation in both normal and failing hearts (Paolocci et al., 2001 (Paolocci et al., , 2003 (Paolocci et al., , 2007 Tocchetti et al., 2011) . Central to HNO's positive modulation of cardiac function is its ability to augment Ca 2+ cycling at the level of the SR. After cardiac muscle excitation, the opening of voltage-dependent L-type Ca 2+ channels allows the entry of a small amount of Ca 2+ that in turn stimulates a greater release of Ca 2+ from the RYRs (RYR2) to trigger contraction at the myofilament level (Bers, 2002) . During cardiac relaxation, Ca 2+ must reaccumulate into the SR, a process largely driven by SERCA2a activity (Bers, 2002) , with some Ca 2+ extrusion occurring via sarcolemmal Na + /Ca 2+ exchanger (Bers, 2002) .
Phospholamban (PLN) is a key determinant of SERCA2a activity and thus cardiac SR Ca 2+ cycling. When dephosphorylated, PLN functionally couples with SERCA2a, inhibiting SR Ca 2+ reuptake. Conversely, upon phosphorylation by βAR/PKA, the PLN brake on SERCA2a is removed, resulting in enhanced SR Ca 2+ pump activity (Hagemann and Xiao, 2002; Li et al., 2003; MacLennan and Kranias, 2003; James et al., 2012) . The impact of HNO on PLN is similar to that of PKA phosphorylation, i.e., PLN functional uncoupling from SERCA2a; however, HNO actions are not PKA dependent, but rather due to redox-mediated PLN oligomerization (Sivakumaran et al., 2013) . In fact, enhancement of SERCA2a activity by HNO, and thus its inotropic and lusitropic effects, originate at least in part from modifications of the three cysteine residues present in the PLN transmembrane domain, namely Cys36, Cys41, and Cys46. When these residues are all mutated to alanines, or preblocked (by alkylating agents; Froehlich et al., 2008; Sivakumaran et al., 2013) , the HNOinduced increase in SERCA2a catalytic efficiency is lost.
At a molecular level, in the SR membrane or in SDS gels, PLN exists as an equilibrium mixture of a homopentamer and a monomer (Wegener and Jones, 1984; Jones et al., 1985) . Although the PLN monomer has been long considered as the SERCA2a inhibitory species, recent reports indicate that SERCA interacts with the PLN pentamer, too, pointing to a potential role of the latter in regulating SERCA activity (Kimura et al., 1997; Stokes et al., 2006; Glaves et al., 2011; Smeazzetto et al., 2013; Vostrikov et al., 2013) . Based on site-directed mutagenesis studies, the PLN homopentamer is stabilized by hydrophobic interactions. We previously reported that HNO affects PLN oligomerization or conformation in a redox-dependent manner; the thiol-reducing agent dithiothreitol (DTT) reverses HNO-induced formation of PLN oligomerization (Froehlich et al., 2008; Sivakumaran et al., 2013) . Yet the specific identities of PLN transmembrane cysteines involved in the HNO-induced PLN oligomerization remain unclear. Equally important, the nature of HNO-imparted modifications of these residues, i.e., reversible versus irreversible, needs to be fully resolved, because HNO donors are currently in clinical trials to evaluate the safety and efficacy in patients with acute decompensated heart failure (Sabbah et al., 2013) .
In solution-phase studies, HNO interacts with thiols to form an N-hydroxysulfenamide intermediate (RSNHOH), which is then converted into a disulfide or a sulfinamide (RS(O)NH 2 ) depending on the relative concentration of thiol, or in the atypical case of C-terminal cysteines, a sulfenic acid (Doyle et al., 1988; Wong et al., 1998; Keceli and Toscano, 2014) . When thiols are in excess, the end product is typically a disulfide, whereas at low thiol concentrations, the end product is a sulfinamide (Fig. 1 a) .
Recent evidence indicates that HNO-derived sulfinamides can also be reduced back to free thiols in the presence of excess thiol, although this reaction is significantly slower than the reduction of disulfides (Keceli and Toscano, 2012; Keceli et al., 2013) . When a biological system such as that involving cardiac PLN cysteines is being studied, it remains to be determined whether HNO induces an intermolecular disulfide, an intramolecular disulfide, and/or a sulfinamide ( Fig. 1 b) . Based on HNO's specificity and reversibility of action in a biological system that may depend on levels of bioavailable thiols, HNO's potential signaling capacity in vivo can be tested. However, addressing this question has been hampered so far by the limited number of tools available to detect HNO-modified thiol residues in proteins as well as the extreme difficulties encountered so far in the application of mass spectrometry techniques to the study of PLN (Donzelli et al., 2006; Hoffman et al., 2009) .
Solution and solid-state NMR techniques have been used to investigate the structural topology and dynamics of monomeric and pentameric PLN, its interaction with lipids, its regulation of SERCA, and the impact of PLN phosphorylation in a lipid bilayer, detergent micelles, and organic solvents (Lamberth et al., 2000; Zamoon et al., 2003; Oxenoid and Chou, 2005; Abu-Baker and Lorigan, 2006; Traaseth et al., 2008 Traaseth et al., , 2009 Veglia et al., 2010; Verardi et al., 2011) . A well-known approach is the use of 15 N uniformly-or selectively-labeled PLN (Veglia et al., 2010) . In addition, 15 N-edited NMR spectroscopy has allowed the detection of HNO-derived sulfinamides in several systems including small molecules, peptides, and proteins . This approach has not yet been used to evaluate HNO-induced modifications on PLN transmembrane cysteines.
Hence, with this tool in hand, and also using SERCA2a activity assays in the presence of WT-PLN and its single cysteine mutants expressed in High Five cells (Waggoner et al., 2004) , we are pleased to report herein investigations to identify the specific cysteine(s) that upon modification by HNO lead to enhanced SERCA2a activity and to determine which chemical modification prevails, i.e., sulfinamide versus intramolecular or intermolecular disulfide bond formation when the HNO:thiol ratio approaches values similar to those expected in in vivo cardiac cells.
Materials and methods
Materials HPLC and mass spectrometry-grade acetonitrile (ACN), and a bicinchoninic acid assay kit were purchased from Thermo Fisher Scientific. DMSO-d 6 , D 2 O, and 15 N-labeled hydroxylamine hydrochloride were purchased from Cambridge Isotope Laboratories. DTT, β-mercaptoethanol, and 7-diethylamino-3-(4maleimidophenyl)-4-methylcoumarin (CPM) were of the highest purity available and obtained from Sigma-Aldrich. The syntheses of the HNO donor, Angeli's salt (Na 2 N 2 O 3 , AS) and 15 N-labeled Angeli's salt ( 15 N-AS), were performed as previously described (Bonner and Ravid, 1975; Hughes and Cammack, 1999) . The HNO donor, 2-methylsulfonyl benzene N-hydroxy sulfonamide (2-methylsulfonyl Piloty's acid, 2-MSPA; Toscano et al., 2011; Sabbah et al., 2013; Zhu et al., 2015) , the 15 N-labeled HNO donor, 2-methylsulfonyl benzene 15 N-hydroxy sulfonamide ( 15 N-2-MSPA; Toscano et al., 2011; Sabbah et al., 2013; Zhu et al., 2015) , and the donor byproduct, 2-(methylsulfonyl)benzenesulfinic acid (2-MSSA), were gifts from Cardioxyl Pharmaceuticals. Dodecylphosphocholine (DPC) was purchased from Avanti Polar Lipids. Milli Q water was used for all purifications and experiments.
Peptide synthesis, purification, and reconstitution WT-PLN and its single cysteine-containing (C41,46A-PLN, C36,46A-PLN, C36,41A-PLN) or two cysteine-containing variants (C36A-PLN and C46A-PLN) were synthesized on a Symphony Quartet peptide synthesizer (Protein Technologies) and purified by HPLC (Agilent HPLC equipped with a 1200 quaternary pump system and diode array detector) on a C4 polymersupported reverse-phase column following literature procedures (Karim et al., 2000; Lockwood et al., 2003; Abu-Baker and Lorigan, 2006) . In all cases, the identity of PLN and its variants were confirmed by MALDI-MS (Bruker AutoFlex III MALDI-TOF/TOF Mass Spectrometer equipped with a 355-nm pulsed UV laser and operated in the positive ionization mode) as described in the literature (Karim et al., 2000; Lockwood et al., 2003) . The purified product was quantified based on a bicinchoninic acid assay (Smith et al., 1985) . Proteins were stored at −80°C in lyophilized form until use. The proteins were reconstituted using 9 mM DPC in 10 mM sodium phosphate buffer with 50 µM of the metal chelator, diethylenetriamine pentaacetic acid, at pH 7.4 to have a final concentration of 0.5 or 60 µM PLN (Veglia et al., 2010) . Following reconstitution, the α-helical structure of the samples were confirmed on an Aviv Circular Dichroism Spectrometer (Online supplemental figures).
Incubation of WT-PLN and its variants with HNO
The incubations were performed as previously described (Keceli and Toscano, 2012; Keceli et al., 2013) . Stock solutions of AS were prepared in 0.01 M NaOH, kept on ice, and used within 15 min of preparation. Stock solutions of 2-MSPA and 15 N-2-MSPA were prepared in ACN and used within 15 min of preparation. Stock solutions of the donor byproducts, NO 2 − and 2-MSSA, were dissolved in 0.01 M NaOH and ACN/H 2 O (1:1, vol/ vol), respectively. WT-PLN and its variants (0.5 or 60 µM) reconstituted in pH 7.4 buffer were incubated with various concentrations of AS, 2-MSPA, or 15 N-2-MSPA (as indicated) at 37°C for 30 min in a block heater. In all cases, the final volume of ACN did not exceed 1% of the total volume. As controls, incubations were also performed with donor byproducts NO 2 − and 2-MSSA under the same conditions. For some experiments, HNO-treated PLN samples were incubated further in the presence of 50 mM DTT or β-mercaptoethanol (as indicated) at 37°C for 26 h. The samples were then prepared for either electrophoresis or NMR analysis.
For NMR analysis, the samples were flash frozen and lyophilized. Following lyophilization, the samples were redissolved in DMSO-d 6 for NMR analysis as described previously . For electrophoresis and immunoblotting, the samples were diluted with sample loading buffer and analyzed immediately.
NMR analyses
All NMR analyses were conducted on a Bruker Avance II 600 MHz ( 1 H) NMR spectrometer equipped with a cryogenically cooled probe. 1 H NMR and 15 N-edited 1 H one-dimensional (1-D) and two-dimensional (2-D) NMR analyses were performed in DMSO-d 6 at 298 K. 15 N-edited 1 H 1D-and 2D-NMR spectra were acquired using the heteronuclear single quantum correlation (HSQC) pulse sequence for selectively identifying 15 N-labeled sites in the protein. Chemical shifts are reported in parts per million relative to residual DMSO (2.49 ppm for 1 H). In all NMR experiments involving the detection of sulfinamide on PLN, 15 N-labeled benzamide was added as an internal standard immediately before NMR analysis. The samples were normalized with respect to the internal standard for comparison as described previously . In these NMR experiments, we observe both the SD and SEM in sulfinamide detection to be less than or equal to ±5% .
Electrophoresis and immunoblotting
WT-PLN and its variants were analyzed by electrophoresis and immunoblotting as previously described (Froehlich et al., 2008) . Briefly, SDS-PAGE using 15% polyacrylamide was performed using standard procedures (Laemmli, 1970) . Samples were either loaded directly or boiled for 5 min before loading. Upon separation by gel electrophoresis, the proteins were transferred via Western blotting onto polyvinylidene difluoride membrane (Bio-Rad). After blocking the membrane with 1% nonfat dry milk for 1 h, it was incubated overnight at 4°C with anti-PLN monoclonal antibody (2D12; Affinity Bioreagents). The membrane was washed and incubated for 1 h with horseradish peroxidaseconjugated anti-mouse IgG secondary antibody (Upstate Cell Signaling Solutions). After washing, the chemiluminescent signals were generated by treating the membrane with enhanced chemiluminescence reagents (ECL Western blotting substrate; Pierce) and captured on film. PLN bands (monomer, dimer, and pentamer) were assigned based on a standard molecular weight marker (Bio-Rad). All gels and Western blots were run using a Bio-Rad Mini-Protean II electrophoresis and Western blotting system.
PLN mutagenesis
Single cysteine PLN constructs were made using the nullcysteine canine PLN complementary DNA, which had all three native cysteine residues modified to alanine (C36A, C41A, C46A), as described (Froehlich et al., 2008) . The QuikChange II XL sitedirected mutagenesis kit (Stratagene) was used to reintroduce a cysteine residue individually at each native position. DNA sequencing was used to verify the correct PLN sequence for each mutant. The mutant complementary DNAs were individually incorporated into a recombinant baculovirus construct that was purified, amplified, and used to express the PLN species for these experiments, as reported previously (Waggoner et al., 2004) .
Cardiomyocyte isolation Cardiomyocytes were isolated as described (Sivakumaran et al., 2013) . Hearts from male (2-6 months old) WT(C57BL/6) mice were quickly removed from the chest, and the aorta was retrogradely perfused at constant pressure (100 cm H 2 O) at 37°C for 3 min with a Ca 2+ -free bicarbonate-based isolation buffer containing (in mM) 120 NaCl, 5.4 KCl, 1.2 NaH 2 PO 4 , 20 NaHCO 3 , 1.6 MgCl 2 , 5.5 glucose, 2,3-butanedione monoxime (1 mg/ml), and taurine (0.628 mg/ml), gassed with 95% O 2 /5% CO 2 . The enzymatic digestion was initiated by adding 1.2 mg/ml collagenase type 2 (Worthington Biochemical) and 40 µg/ml protease type XIV (Sigma-Aldrich) to the perfusion solution. After ∼10 min, the heart was removed and cut into several chunks in the same enzyme solution. This solution containing dispersed myocytes was filtered through a 150-µm mesh and gently centrifuged at 800 rpm for 1 min.
Activity assays
All coexpressed samples used for activity studies comprise a SERCA2a/PLN mole ratio of 1:1.6, where SERCA2a is under fullregulatory control of PLN. [AS/HNO]-dependent activation of SERCA2a ATPase activity was measured colorimetrically using the malachite green-ammonium molybdate assay (Lanzetta et al., 1979) . High Five microsomes containing SERCA2a ± PLN were pretreated with the HNO donor, AS (100 µM), and were incubated at room temperature for 10 min. The protein treated with the desired level of AS was suspended (0.05 mg/ml total protein, 13.6 nM SERCA2a, and 21.2 nM PLN) in 50 mM MOPS, 3 mM MgCl 2 , 100 mM KCl, 1 mM EGTA, and 0-1.0 mM CaCl 2 , pH 7.0, to give a range of [Ca 2+ ] (Autry and Jones, 1997) . To initiate the ATPase reaction, 5 mM MgATP was added to the incubation tubes at 37°C, and phosphate (P i ) liberation was monitored over a 10-min period. Samples were pretreated with 20 µg of Ca 2+ ionophore A23187/mg of total protein to prevent Ca 2+ buildup within the microsomes during the assay.
To determine SERCA2a ATPase activity in cardiomyocytes, freshly isolated cells were resuspended in the Ca 2+ -free assay buffer to have a final concentration of 0.5 mg/ml total protein. The samples were incubated in the presence or absence of 5 µM CPM for 15 min at room temperature to block cysteine residues (Liu and Pessah, 1994; Feng et al., 1999) . Following treatment with the HNO donor, AS (100 µM), for 20 min at room temperature, the samples were immediately analyzed by malachite green-ammonium molybdate assay at 0 or 1 µM [Ca 2+ ] free . In all cases, control samples were exposed to the same experimental conditions in the presence of the vehicle. Comparisons were performed using one-way ANOVA followed by Student-Newman-Keuls multiple comparison test.
Assessment of sarcomere shortening in isolated murine myocytes Following cardiomyocyte isolation from WT mice, the cell pellet was promptly resuspended in isolation buffer added with 125 µM Ca 2+ and bovine serum albumin (5 mg/ml). After myocyte separation by gravity (10 min), the supernatant was aspirated and myocytes were resuspended in Tyrode's solution (in mM: 140 NaCl, 10 HEPES, 1 MgCl 2 , 5 KCl, 5.5 glucose, adjusted to pH 7.4) supplemented with 250 µM Ca 2+ . The final cell pellet was suspended in 1 mM Ca 2+ .
Sarcomere shortening was measured as described (Sivakumaran et al., 2013) . Briefly, the cells were field stimulated continuously for 10-15 min to establish contractile stability at the start of each experiment. Recording of twitch amplitude started during the stabilization period and cell shortening data were collected through the whole experiment. Cells were imaged using field stimulation (Warner Instruments) in an inverted fluorescence microscope. Sarcomere length was measured by real-time Fourier transform. The cells were superinfused with Tyrode's solution, and the test solutions were rapidly switched. Stable cells were used to examine the effects of all the interventions on myocyte contractility (each in separate groups of cells). The interventions tested were CPM (20 nM) and AS/ HNO (500 µM) or isoproterenol (ISO; 10 nM) in the presence or absence of prior CPM (20 nM) treatment. In all cases, the cells were superinfused with the indicated test solution for 10 min with a flow rate of 1.5 ml/min. The statistical significance of the differences between treatments for studies using myocytes from WT mice was evaluated by one-way ANOVA using Tukey's multiple comparison test and/or paired t test.
Online supplemental material Figs. S1 and S2 show circular dichroism (CD) spectra of WT-PLN and its variants. Fig. S3 gives the 15 N-edited 1 H 1D-NMR spectrum of C36,46A-PLN treated with 15 NH 2 OH. Figs. S4-S7 show SDS-PAGE analyses of WT-PLN and its single cysteine variants treated with various concentrations of HNO donor.
Results
PLN Cys41 and Cys46 are the main targets of HNO based on 15 N-edited NMR spectroscopy PLN has three cysteine residues (Cys36, Cys41, and Cys46), all located in the transmembrane domain (Simmerman et al., 1986; Fujii et al., 1987) . As per our previous studies, HNO modifies one or more of these residues to functionally uncouple PLN from SERCA2a (Froehlich et al., 2008; Sivakumaran et al., 2013) , but the chemical nature of the HNO-induced modifications, i.e., sulfinamide versus disulfides, and exact cysteine residue(s) involved remain unclear. Using several peptides and proteins, we have recently shown that the use of a thiol-to-HNO donor ratio of 1:5 or 1:10 under physiological conditions results mainly in the formation of the corresponding sulfinamides (Keceli and Toscano, 2012; Keceli et al., 2013) . In addition, higher sulfinamide yields were obtained with cysteines adjacent to a leucine residue (VYPCLA) compared with those adjacent to a glycine residue (VYPCGA), presumably due to steric hindrance of the disulfide-forming reaction (Keceli and Toscano, 2012) . Considering that PLN cysteine residues are located in the isoleucine/ leucine zipper of PLN (F 36 CLILI 41 CLLLI 46 CII; Simmerman et al., 1986; Fujii et al., 1987) , we directly tested whether exposure of PLN thiols to HNO leads to the formation of the corresponding sulfinamides. To answer this important question, single cysteine variants of PLN (C41,46A-PLN, C36,46A-PLN, and C36,41A-PLN) were treated with the H 15 NO donor, 15 N-2-MSPA (Toscano et al., 2011; Sabbah et al., 2013; Zhu et al., 2015) , which decomposes to produce HNO with a half-life of 2 min under physiologically relevant conditions (Sabbah et al., 2013) . The samples were then analyzed with an 15 N-edited NMR method for sulfinamide detection . This method provides simplified NMR spectra via application of an isotope filter for 15 N to detect protons bonded to the 15 N nuclei selectively (Breeze, 2000; Donzelli et al., 2006; Keceli et al., 2013) . These investigations have demonstrated that the characteristic NMR region for sulfinamide detection is 5.0-6.5 ppm . Sulfinamide peaks are observed upon treatment of C36,46A-PLN (single Cys at position 41) and C36,41A-PLN (single Cys at position 46) with excess H 15 NO; however, no sulfinamide modification is detected on C41,46A-PLN (single Cys at position 36; Fig. 2, a-g) . In all cases, the sulfinamide 15 NH peaks appear at ∼5.94 ppm in the 1 H dimension, and at ∼88 and ∼89 ppm in the 15 N dimension. It should be noted that the presence of two sulfinamide peaks in the 2D-NMR spectra (Fig. 2, b-d) is attributed to the generation of sulfinamide diastereomers . When the interaction of HNO with thiols results in disulfide formation, 15 NH 2 OH is expected to be released as a byproduct (Fig. 1 a) . As a control, we have treated PLN with 15 NH 2 OH to test whether, although unlikely, these two species react to generate a species with an NMR peak, which could be misinterpreted as the presence of a PLN sulfinamide. Control experiments following 15 NH 2 OH treatment of C36,46A-PLN did not produce any peaks in the characteristic sulfinamide region (Online supplemental figures).
Although significant disulfide bond formation is not expected at these thiol-to-HNO donor ratios, the presence of intermolecular disulfide bonds between PLN single cysteine variants was tested by electrophoresis and immunoblotting. The lack of HNO-induced PLN dimer upon treatment of these variants with varying concentrations of HNO donor (0-10 mM) supports that sulfinamide formation is the only HNO-derived modification under these conditions (Online supplemental figures). Moreover, the observed decrease in the pentamer band is consistent with the previously reported destabilization of PLN pentamer following modification of cysteine residues (Fujii et al., 1989; Karim et al., 1998) . Overall, these results point to the more reactive nature of PLN cysteine residues 41 and 46 toward HNO.
Comparison of sulfinamide yields in the presence of an internal standard indicates that more sulfinamide is formed on C36,41A-PLN compared with C36,46A-PLN (Fig. 2, e-g) . Since the presence of more than one cysteine residue might affect the end products (i.e., sulfinamide vs. disulfide), we also employed the double cysteine variants, C36A-PLN and C46A-PLN. As expected, treatment of these PLN variants with the H 15 NO-donor results in the detection of sulfinamide peaks for both variants at ∼5.95 ppm (Fig. 2, h, i, l, and m) . Although it was not possible to distinguish among the sulfinamides on different cysteine residues, the total amount of sulfinamide detected in the presence of an internal standard was compared.
Consistent with our results with the single cysteine PLN variants, significantly more sulfinamide is observed on C36A-PLN (Cys at positions 41 and 46) compared with C46A-PLN (Cys at positions 36 and 41) (Fig. 2, l and m) . These findings further support the more reactive nature of cysteines 46 and 41 toward HNO, with Cys46 being the most reactive.
A high HNO/thiol ratio leads to sulfinamide formation on Cys46 and Cys41 Our previous studies with WT-PLN have pointed to the formation of disulfide bonds, potentially both intramolecular and intermolecular, upon exposure to HNO (Froehlich et al., 2008; Sivakumaran et al., 2013) . Furthermore, the intermolecular disulfide linkage between PLN monomers, resulting in the observation of PLN dimer, was proposed to take place in the pentameric species (Froehlich et al., 2008; Sivakumaran et al., 2013) . The generation of an intermolecular disulfide bond between individual C36A-PLNs (and also C46A-PLNs) is not expected due to the lack of stable pentameric species in these samples under our experimental conditions (data not shown). However, the formation of an intramolecular disulfide bond might be feasible between cysteines 41 and 46 in C36A-PLN (Wouters et al., 2007 (Wouters et al., , 2010 Froehlich et al., 2008) . To determine the potential presence of disulfide bonds, the total amount of sulfinamide in C36A-PLN was compared with the sum of the amounts of sulfinamides in C36,46A-PLN and C36,41A-PLN upon treatment with excess HNO. These NMR analyses show comparable amounts of sulfinamides. If a potential disulfide bond were formed in C36A-PLN under these conditions, then the total amount of sulfinamide observed should have been significantly less than the sum of sulfinamides detected on Cys41 of C36,46A-PLN and Cys46 of C36,41A-PLN. Identical analyses conducted with C46A-PLN (Cys at positions 36 and 41) provided similar results. These findings point to the lack of significant amount of HNO-derived disulfide bonds in C36A-PLN and C46A-PLN under these conditions, thus making sulfinamide formation the major modification upon exposure of these PLN variants to excess HNO.
To gain additional insight into the HNO-derived modifications in WT-PLN, we probed these samples for sulfinamide modification. As seen in Fig. 2 j and Fig. 2 n, sulfinamide peaks are detected (at ∼5.94 ppm) upon treatment of WT-PLN with excess HNO. To the best of our knowledge, this is the first time a sulfinamide modification has been observed on WT-PLN. Moreover, the amount of sulfinamide detected is more than that observed for C46A-PLN, and similar to that of C36A-PLN (Fig. 2 , l-n). The weaker signal observed for WT-PLN in the 2D-NMR spectrum (Fig. 2 j) is presumably due to precipitation of WT-PLN during prolonged data collection. Consistent with this observation, a diluted sample of WT-PLN produced stronger sulfinamide signals compared with the concentrated sample during 2D-NMR analysis (data not shown). Overall, these results are in agreement with cysteines 46 and 41 being the main sites of HNO reactivity with PLN.
Modification of PLN transmembrane cysteines at low HNO/ thiol ratio
High ratios of HNO donor to thiol are easy to obtain in vitro, but unlikely to occur in vivo. Therefore, in order to mimic more physiologically relevant conditions, we repeated the experiments reported above in the presence of lower concentrations of HNO donors. Treatment of WT-PLN with a comparable amount of HNO donor caused a significant (∼87%) decrease in sulfinamide formation (Fig. 3, a and b ) relative to the experiments described above. To test if this observation was due to the lack of reactivity between PLN thiols and HNO at these lower HNO concentrations, C36,41A-PLN was treated with HNO under the same conditions. No decrease in sulfinamide formation was observed in this variant (Fig. 4, a and b ), indicating that Cys46 is able to trap HNO to the same extent under both conditions. Although the amount of sulfinamide detected on C36,46A-PLN was markedly affected at low HNO concentrations, it does not account for the observed decrease in the total amount of sulfinamide on WT-PLN (Fig. 5, a and b) .
Based on the known reactivity of HNO with thiols (Doyle et al., 1988; Wong et al., 1998) , an obvious explanation is the generation of intermolecular or intramolecular disulfide linkages (Froehlich et al., 2008; Sivakumaran et al., 2013;  Fig. 1, a  and b ). Analysis of WT-PLN samples by electrophoresis and immunoblotting demonstrated the HNO-derived dimer formation, consistent with our previous findings (Online supplemental figures; Froehlich et al., 2008) . However, treatment of WT-PLN samples with approximately equimolar quantities of HNO donor did not produce significant amounts of PLN dimer (data not shown). Hence intermolecular disulfide bonds are not the major contributors under these conditions, and an intramolecular disulfide bond may play a role.
The involvement of disulfide modifications was investigated further by using C36A-PLN. Lowering the relative concentration of HNO donor resulted in a marked decrease (∼80%) in sulfinamide yield as expected (Fig. 6, a and b) . In agreement with the WT-PLN data, these findings support the formation of a potential intramolecular disulfide linkage. Although similar results were obtained with C46A-PLN (Fig. 6, c and d) , the possible inefficient trapping of HNO by Cys41 at these concentrations, as observed with C36,46A-PLN (Fig. 5) , cannot be ruled out. These results support the formation of a potential intramolecular disulfide bond between Cys41 and Cys46 (or between Cys41 and Cys36) in PLN monomer.
HNO-derived sulfinamides can be reduced back to free thiols in the presence of excess thiol (Keceli and Toscano, 2012) . This reaction is feasible in small molecules, peptides, and proteins, but it requires hours to occur at physiological pH and temperature (Keceli and Toscano, 2012; Keceli et al., 2013) , whereas under the same conditions, the reduction of disulfide bonds is typically complete within a few minutes. For instance, reverting ∼70% of peptide sulfinamides back to reduced thiols can take up to 24 h (Keceli and Toscano, 2012) . To determine how fast the reduction of HNO-derived sulfinamides is in PLN, we employed sulfinamide-modified C36,41A-PLN. In the presence of excess thiol, the timeframe of sulfinamide reduction in PLN was comparable to our previous findings obtained with short peptides (data not shown). Importantly, considering the relatively fast reversibility of HNO-induced effects observed in vitro and in vivo (Paolocci et al., 2001 (Paolocci et al., , 2003 Froehlich et al., 2008; Sivakumaran et al., 2013) , the physiological effects of HNO on the cardiac system are likely due to the formation of disulfide linkages rather than sulfinamides.
HNO can target PLN cysteines 41 and 46 to increase SERCA2a activity by disrupting the SERCA2a/PLN functional interaction via sulfinamide formation Since we determined that Cys46 and Cys41 are main targets of HNO in PLN, we next asked whether the above findings can explain the effects produced by HNO on the PLN/SERCA2a interaction, and thus SR Ca 2+ reuptake. For this purpose, we analyzed the activity of SERCA2a coexpressed with PLN singlecysteine mutants before and after HNO treatment.
SERCA2a was under normal regulatory control of each of the individual PLN single cysteine mutants, demonstrated by the leftward shift of the [Ca 2+ ]-dependent activity curve following treatment with anti-PLN monoclonal antibody, 2D12, relative to untreated samples (Fig. 7) . It has been demonstrated previously that 2D12 uncouples PLN from SERCA2a, similar to PLN phosphorylation (Autry and Jones, 1997; Waggoner et al., 2004) . AS/ HNO treatment (100 µM for 10 min at RT) had no significant impact on the [Ca 2+ ]-dependent activity curve of SERCA2a in the presence of C41,46A-PLN, suggesting that PLN residue Cys36 is not primarily involved in the HNO-induced functional effects on the SERCA2a/PLN system. In contrast, AS/HNO shifted the [Ca 2+ ]dependent activity curve of SERCA2a in the presence of both C36,46A-PLN and C36,41A-PLN, similar to that observed for 2D12 treatment of each sample. Our findings clearly indicate that AS/HNO modification of PLN at these residues functionally uncoupled PLN from SERCA2a. Thus, in agreement with our NMR data, these SERCA2a activity data demonstrate that PLN cysteines 41 and 46 are the targets of HNO, and consequently point to the potential disruption of SERCA2a/PLN functional interaction due to the formation of a sulfinamide, which is the expected HNO-derived modification in these PLN singlecysteine mutants.
Blocking PLN cysteines with CPM prevents HNO-induced activation of SERCA2a in isolated cardiomyocytes, abating HNO ability of increasing sarcomere shortening To determine if the impact of HNO on PLN cysteines correlates with the effects of HNO on cardiomyocytes, we analyzed the Ca 2+ -dependent ATPase activity. As expected, cardiomyocytes isolated from WT mouse hearts showed a significant increase in SERCA2a activity upon treatment with AS/HNO (Fig. 8 a) . Importantly, the blockade of cysteines with a thiol-specific alkylating agent, CPM, abated the HNO-induced SERCA2a activation markedly, thus further validating the pivotal role exerted by cysteines in HNO-mediated acceleration of SR Ca 2+ uptake. Likely, the residual activation could be attributed to an incomplete alkylation of PLN cysteines by CPM, presumably due to steric hindrance.
Next, we tested whether CPM is able to prevent HNOinduced enhancement of myocyte contractility. Consistent with our previous evidence Sivakumaran et al., 2013) , HNO increased sarcomere shortening (Fig. 8 b) . Of note, this effect was nearly abolished when isolated myocytes were preincubated with CPM to block cysteine residues, including those present in PLN (Fig. 8 c) . As a control and in order to consolidate previous evidence attesting that HNO inotropy is different from that elicited by other agents such as β1-β2 agonists, a separate set of CPM-treated myocytes were superfused with the β1-β2 agonist, ISO (10 nM for 10 min). These cells responded in full to ISO (Fig. 8 d) . Thus, this set of data validates previous evidence obtained in PLN KO mice (Sivakumaran et al., 2013) , further attesting that muting PLN cysteines results in lack of HNO stimulation of isolated cardiomyocytes.
Discussion
We have provided new NMR-based evidence showing that cysteines 46 and 41 are the major sites of HNO reactivity in PLN, with cysteine 46 being most reactive. This chemical evidence is fully supported by functional studies in High Five microsomes, showing that when these two residues are mutated to alanines, HNO-induced enhancement of SERCA2a activity is significantly reduced. Furthermore, our results indicate that sulfinamide formation is the preferred HNO-induced cysteine modification when the HNO donor is in excess with respect to thiols, whereas at ∼1:1 HNO/thiol ratios (presumably more similar to normal in vivo conditions), an intramolecular disulfide bond likely dominates.
Cardiac function is regulated by varying the cytosolic Ca 2+ ion concentration in heart muscle cells. The trigger for cardiac muscle contraction is a large (@ 1 µM) cytosolic concentration of Ca 2+ , and the signal for relaxation is a roughly 90% drop in the Ca 2+ concentration. These fluctuations are achieved in part by the release and capture of Ca 2+ ions by the SR. In humans, greater than 70% of cytosolic Ca 2+ is pumped into the SR by SERCA2a. The luminal Ca 2+ is released back into the cytosol by Ca 2+ -release channels (RYRs; MacLennan and Kranias, 2003) . PLN is a 52-amino acid transmembrane protein that is located in the SR. PLN is associated with SERCA2a, and depending on its phosphorylation state, regulates the activity of SERCA2a (Li et al., 2003; MacLennan and Kranias, 2003; James et al., 2012) . Sequence analysis of PLN has shown that the 6.1-kD protein is organized in three domains: cytosolic domain Ia (residues 1-20), cytosolic domain Ib (21-30), and domain II (31-52), which traverses the membrane (Simmerman and Jones, 1998) . Domain Ia is a cytosolic helical region containing Ser16, the site of phosphorylation by PKA (James et al., 1989) . Despite this cytosolic phosphorylation, studies have shown that the inhibition of SERCA2a is due to the interaction of the transmembrane region of PLN and SERCA2a (Kimura et al., 1996) . Hence, it is suggested that the interaction between PLN cytosolic domain Ia and SERCA2a is not inhibitory, but phosphorylation in this domain prompts a conformational change that disrupts the inhibitory transmembrane interaction. PLN exists as an equilibrium Figure 8 . Blocking cysteines prevents HNO-induced SERCA2a activation and abates increase in sarcomere shortening in cardiomyocytes. (a) Cardiomyocytes resuspended in Ca 2+ -free assay buffer at pH 7.0 (0.5 mg total protein/ml), were incubated with vehicle or CPM (5 µM) for 15 min at room temperature. Following treatment with 0 or 100 µM AS/HNO, the samples were assayed for [Ca 2+ ]-dependent ATPase activity at 1 µM [Ca 2+ ] free at 37°C. The data were normalized with respect to the activity of control samples (n = 4; *, P < 0.05). (b-d) Summary data of the impact of (b) AS/HNO (500 µM; n = 5 cells for each group; *, P < 0.05), (c) CPM (20 nM) followed by AS/HNO (500 µM; n = 9-14 cells for each group obtained from four to five different mice; P = NS), and (d) CPM (20 nM) followed by ISO (10 nM; n = 10 cells for each group obtained from four different mice; ***, P < 0.001 versus basal, ***, P < 0.001 versus CPM alone) on fractional sarcomere shortening (FS) expressed as fractional increase from diastolic levels for WT cardiomyocytes. mixture of a monomeric and a pentameric species, which is held together by hydrophobic interactions (Wegener and Jones, 1984; Jones et al., 1985) . Site-directed mutagenesis studies have shown that PLN-PLN and PLN-SERCA2a interactions are on opposite faces of the PLN transmembrane helix, and identified PLN monomer as the inhibitory species (Kimura et al., 1997) . Our work involving coimmunoprecipitation, fluorescence spectroscopy, and electron paramagnetic resonance spectroscopy studies with HNO-treated SERCA/PLN complex indicates that HNO functionally uncouples PLN from SERCA, although the physical association remains (Sivakumaran et al., 2013) .
In addition to phosphorylation, we and others have shown that redox-based post-translational modifications are also equally relevant in modulating the SERCA2a/PLN interaction (Bigelow and Squier, 2005; Froehlich et al., 2008; Lancel et al., 2009; Ha et al., 2011; Sivakumaran et al., 2013; Irie et al., 2015) . We first reported that HNO stimulates SERCA2a Ca 2+ uptake in a PLN-dependent manner, and that PLN cysteines are involved in these HNO-induced changes (Froehlich et al., 2008; Sivakumaran et al., 2013) . Using isolated cardiomyocytes and whole hearts from WT and PLN KO mice, we showed that the HNO-induced positive inotropy/lusitropy is lost in PLN-null hearts/myocytes (Sivakumaran et al., 2013) , and that HNO actions are PKA-independent, as confirmed by the lack of Ser16 phosphorylation on PLN after HNO treatment (Sivakumaran et al., 2013) . In keeping with all this preceding evidence, the present findings demonstrate that preblocking cysteines prevents the increase in sarcomere shortening and SERCA2a activation due to HNO, while preserving the sensitivity of the sarcomere contractile apparatus to β1-β2 agonists. Thus, as a therapeutic vector, HNO enhances myocyte Ca 2+ cycling without relying on βAR/PKA signaling. Moreover, genetic alterations of PLN may result in an attenuation or ablation of HNO impact on Ca 2+ cycling, a possibility that remains to be tested in full.
There is a wide palette of redox-based post-translational modifications that can affect the SERCA2a/PLN interaction on SERCA2a, PLN, or both. One possibility is that HNO sequesters amounts of monomeric, inhibitory PLN in the guise of dimers or tetramers, likely via disulfide bond formation, as demonstrated in microsomal samples, isolated cardiomyocytes, and heart extracts (Froehlich et al., 2008; Sivakumaran et al., 2013) . In fact, DTT fully reverses HNO-induced PLN oligomerization (Froehlich et al., 2008; Sivakumaran et al., 2013) . Similarly, the formation of disulfide bonds in a missense mutation of PLN (R9C) upon oxidation by ROS, as well as the contribution of PLN S-nitrosylation to PLN pentamerization in the process of controlling Ca 2+ homeostasis, point to a major role exerted by redoxbased mechanisms on the SERCA2a/PLN interactome (Ha et al., 2011; Irie et al., 2015) . Furthermore, reversible oxidative modifications on PLN Met20 following oxidative/nitrosative stress have been proposed to result in helix destabilization of PLN, thus affecting SERCA2a activation (Ruse et al., 2004; Bigelow and Squier, 2005) . Finally, modulation of pump activity due to RNS-related S-glutathiolation of SERCA2a has been reported (Adachi et al., 2004; Lancel et al., 2009) .
The present results deepen our understanding of how HNO affects the SERCA2a/PLN interaction, resulting in an increased catalytic efficiency of the SERCA2a pump. First, they identify PLN Cys41 and Cys46 as the most reactive thiols toward HNO. Furthermore, the observed relief of inhibition on SERCA2a, i.e., the functional uncoupling (structural rearrangement without physical dissociation) between the pump and PLN single cysteine mutants, presumably due to an HNO-derived sulfinamide modification, may also point to the importance of these residues on the SERCA2a/PLN interaction. In addition to potential disulfide formation in WT-PLN, our results suggest that the generation of a sulfinamide on either Cys41 or Cys46 is also capable of altering PLN regulation of SERCA2a activity. Consonant to this eventuality, recent studies using several different techniques emphasize the role of PLN conformational changes in affecting SERCA activity (James et al., 2012; Gustavsson et al., 2013; Dong and Thomas, 2014) . Some of them suggest that SERCA2a activity is regulated by an equilibrium among three transient conformational states of PLN and the relief of SERCA inhibition by a shift in this equilibrium upon PLN phosphorylation (Gustavsson et al., 2013) . In addition, mutation of PLN residues have been shown to influence SERCA function by affecting the interaction of SERCA/PLN complex, directly or by changing PLN structural dynamics (Kimura et al., 1998; Trieber et al., 2005; Ha et al., 2007; Glaves et al., 2011) . Although further studies are required, present and previous studies suggest that HNO can induce a conformational change in SERCA-associated PLN via the formation of an intramolecular disulfide linkage and/or sulfinamide, which disturbs its functional coupling with the Ca 2+ pump.
At a low HNO/thiol ratio, our results point to the formation of a potential intramolecular disulfide bond, whose exact characterization and location require further investigation. Our previous work suggests that HNO-induced PLN oligomerization at least partially occurs in the pentameric structure (Froehlich et al., 2008; Sivakumaran et al., 2013) . A limitation of the present study is the lack of pentameric species in double-cysteine variants of PLN (C36A-PLN [Cys at positions 41 and 46] and C46A-PLN [Cys at positions 36 and 41]). In our hands, these variants migrate as a mixture of monomer and dimer on SDS-PAGE gels, thus preventing the analysis of intermolecular disulfide bond formation. Moreover, the present lack of any detectable HNO-induced modification on Cys36 could be due to nonthiol trapping of the N-hydroxysulfenamide intermediate and/or the formation of an unstable sulfinamide whose detection and reactivity also require future dedicated analysis.
Finally, high in vitro concentrations of HNO that may mimic excessive in vivo HNO production and signaling are expected to result in sulfinamide formation on cysteine residues, which is not readily reversible under physiologically relevant conditions (Keceli and Toscano, 2012; Keceli et al., 2013; Fukuto, 2019) . Conversely, HNO-positive inotropic and lusitropic actions in vivo have been observed with low (nM range) concentrations (Paolocci et al., 2003; Tocchetti et al., 2007) and reported to be reversible (Paolocci et al., 2003; Tocchetti et al., 2007; Irvine et al., 2013; Kemp-Harper et al., 2016) . Given the few viable methodologies able to detect HNO in biological systems, it is difficult to determine HNO concentrations accurately in vivo (Kemp-Harper, 2011; Doctorovich et al., 2014; Rivera-Fuentes and Lippard, 2015) . However, similar to the concentrations employed in the present and previous studies (at low HNO/thiol ratios), in vivo HNO concentrations are not expected to be in excess of PLN (Paolocci et al., 2001 (Paolocci et al., , 2003 Tocchetti et al., 2007 Tocchetti et al., , 2011 Gao et al., 2012) . Moreover, the easily reversible nature of HNO-induced effects on cardiac function strongly support that disulfide formation likely dominates upon exposure of PLN to HNO in vivo. Among various RNS/ROS-induced posttranslational modifications of thiols, sulfinamide formation is unique to HNO. Thus, our studies imply that HNO is able to affect the PLN/SERCA2a interaction in different, and likely complementary, ways to other RNS/ROS species. We believe that the impact of "low versus high titers of HNO," particularly with respect to chronic (long-term) signaling, could be more definitely resolved once more accurate methods for HNO detection in vivo are available.
Conclusions
NMR analysis of sulfinamide detection along with biochemical activity studies have established that Cys46 and Cys41 are the selective targets of HNO reactivity with PLN, a conclusion further corroborated by the fact that mutation of PLN cysteine 46 or 41 to alanine reduces the HNO-induced enhancement of SER-CA2a activity. HNO leads to sulfinamide formation when it is in excess with respect to thiols, but HNO induces disulfide bond formation when the HNO/thiol stoichiometry approaches a 1: 1 ratio. Given that the latter condition is more likely to occur in vivo under normal physiological conditions, the present findings lend further support to previous in vivo and in vitro observations showing that HNO cardiovascular actions are easily reversible after discontinuing HNO donor infusion and/or upon administration of reducing agents such as glutathione or DTT. Moreover, the present studies demonstrate the use technical assistance and contributed to the preparation of Figs. 2 through 6. C.N. Thorpe and J.E. Mahaney performed and analyzed the experiments shown in Fig. 7 . S. Jun, C.G. Tocchetti, and D.I. Lee performed and analyzed the experiments shown in Fig. 8, b-d . G. Keceli, N. Paolocci, and J.P. Toscano wrote the paper. J.E. Mahaney, N. Paolocci, and J.P. Toscano conceived the idea for the project. All authors reviewed the results and approved the final version of the manuscript.
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